Naturally occurring motifs have been redesigned to produce fluorescent peptidyl-chemosensors that sensitively and selectively recognize Cu(II) or Fe(III). The modular nature of peptide architecture allows preparation and evaluation of potential sensors on solid supports.
INTRODUCTION
Nature provides many examples of peptidyl-motifs and small molecular weight species that form stable, selective complexes with many transition ions.1 This paper describes how some of these naturally occurring motifs have been incorporated into fluorescent chemosensors for detection of certain transition metal ions under biological and near biological conditions. Such sensors are of intense interest as more is known of the influence concerning species such as Cu(II), Zn(II) and Fe(III) on cellular processes,2'3 disease states,4'5 and the biosphere. 6 The methodology used in the design of these chemosensors includes identification of an appropriate metal ion binding motif and modification of that motifto simplify it, or reduce the size by inccluding only the units necessary for coordination to the metal ion of interest. Modifications may include incorporation ofnon-natural amino acids or changes to the secondary structure of the motif and are achieved by solid phase peptide synthesis methods. Finally, a fluorophore is incorporated into the molecule to report the metal binding event.
Ideally, the end products ofthis design process are robust, low molecular weight species that detect, in real time, the low concentrations of species such as Cu(II) and Fe(III) in the presence of significantly higher concentrations ofcompeting species such as Ca(II) and Mg(II) that are typical in biological and environmental samples.
Fluorescence signaling of metal ions has the significant advantages of great sensitivity,7 ready incorporation of chemosensors into optical monitoring devices8 and nondestructive detection of intracellular ion flux.9 As the sensors described in this paper have been designed to bind selectively to Cu(II) or Fe(III), metal ion recognition by the peptide is signaled by the intramolecular quenching fluorescence emission from a fluorophore covalently bound to the peptide sequence as illustrated schematically in Figure 1 .
DJSIGN 0 F SELEC'lIVE CHEMO S4SO RS FO R C U(I[)
An example of our design approach is the development of chemosensors for selective detection of Cu(II). These are based on the ATCUN motif of the serum albumins and have been redesigned to incorporate a fluorescent reporter and to remove the response to Ni(II).
The AlCUNMotifofthe Serum Albumins
The serum albumins are well characterized transporters of metal ions, particularly Cu(II) and Ni(II).1012 The amino terminal Cu(II)-and Ni(II)-binding (ATCUN) motif'3 of these proteins includes the consensus sequence NH2XaaYaaHis-and forms complexes having high intrinsic formation constants -on the order of 101 1 M for the Cu(II) complex.1 1
Coordination ofCu(II) or Ni(II) by the motifrequires the terminal primary amine, two adjacent backbone deprotonated amide nitrogen donors, and the imidazole &nitrogen ofthe histidine side chain as shown in Figure 2 The motif in its simplest form, the tripeptide sequence GlyGlyHis, will form stable, slightly distorted, square planar 1:1 metal:ligand complexes with both Cu(II) and Ni(II) at neutral pH.15 A fluorophore can be incorporated into the structure whilst preserving the central peptidyl ligand by replacing the N-terminal glycine with an amino acid having a primary aminecontaining side chain and linking the fluorophore at this site during solid phase peptide synthesis. The prototypic design is illustrated in Figure 3 . Peptides labeled with the dansyl (DNS) fluorophore proved highly responsive to both Cu(II) and 
Generating a Cu(ll) Selective Motif
Replacing the central glycine residue of the ATCUN motif with -alanthe introduced a six-membered chelate ring into the resulting metal complex as illustrated in Figure 5 . This simple change produces a chemosensor which no longer responds to addition of Ni(II), however shows virtually no loss of sensitivity for Cu(II), Figure 6 . The change in responsiveness may be related to the more stringent requirement of low spin Ni(II) complexes for square pianar geometry compared to Cu(ff).
Incorporation of an extra methylene group may be sufficient to distort the geometry of the resulting complex and 'detune' the response of the chemosensor towards Ni(II). Cu(II) is more accepting of distorted geometry on coordination and hence will still form stable complexes with the redesigned chemosensor. ' 8,19 A number of other variants were prepared which also demonstrated new selectivities, however the 3-alanine-containing peptide demonstrated optimal Cu(II) selectivity. The other peptide variants included different potential donors in the amino acid side chains, as well as alterations in the peptide backbone. 
Immobilization of Peptides on Solid Supports
The fluorescence quenching exhibited by the metal-peptide complex may be completely reversed by the addition of excess EDTA. In order to produce a chemosensor capable of being regenerated and reused, fluorophore labeled peptide sequences have been synthesized from a non-cleavable linker on PEGA-1900 resin20'21 as shown schematically in The quenching may be recovered by washing the beads with an EDTA solution. These experiments indicate that these chemosensors are capable of operating on solid supports and are therefore candidates for incorporation into optical sensing devices.22'23 The studies also illustrate the potential of combinatorial methods for rapid synthesis and screening of libraries of peptides for selective responses to a wide variety of metal ion species.
. . . . 
Building a Library ofFluorescent Chemosensors
The development of ligands for selective, sensitive recognition of target metal ions most often relies on an extensive rational design process.24 Application of the comprehensive screening methodology of combinatorial chemistry, while less well established in this particular application, represents a potentially very powerful, orthogonal strategy.25
High throughput methods such as parallel synthesis26 or "split and mix synthesis" generate large numbers of small molecular weight compounds that may be screened to identify a new lead compound displaying the function of interest, or to optimize an already identified lead compound. The modular constituents of combinatorial libraries need to be linked by well established chemistry and a reporter, sensitive to the function of interest, needs to be incorporated on each bead or within each molecule ofthe library.
The peptidyl chemosensors described in this paper are modular constructs and therefore are amenable to combinatorial synthesis methods. To examine the potential of such techniques to our own research program, a small library of pentapeptide sequences having the general form XaaYaaZaaSerSer-PEGA-l900 (Xaa = Gly, His, Pro, n-Ala; Yaa =Gly, His, -A1a; Zaa Gly, His, n-Ala; Ser serine) was prepared. The sequences were chosen to vary the size and sequence ofthe resulting chelate rings, the presence/absence of the imidazole side chain of histidine, and a primary or secondary (proline) amine at the Nterminus ofthe peptide. Figure 9 illustrated the results from a typical experiment in which Cu(II) has been added to a sample of the library. Allowing for bead size distribution (and associated kinetics of analyte diffusion), differences in fluorescence quenching of individual beads is apparent. After a two hour incubation the fluorescence of many beads is significantly reduced, while other beads are still highly fluorescent. The fluorescence of individual beads may also rerecorded. As shown in Figure 9B it is possible to generate a quantitative assessment of an individual sequence response to added analyte by monitoring the kinetic course of fluorescence quenching. The library, although relatively small, still contains sequences that bind Cu(II) with a range of affmities. Beads modified by sequences that bind Cu(II) strongly, are quenched completely and rapidly, while those with poor affmity for the metal ion remain fluorescent for the duration of the experiment. These studies indicate that applying combinatorial methods in our search for metal ion chemosensors will prove fruitful. 
DESIGN OFSELEC11VECHEMOSENSORS FOR FEII1)
The chemosensors which selectively recognize Cu(II) were based on the N-terminal consensus sequence found in the serum albumms and prepared using naturally occurring amino acids as ligands. In designing chemosensors for Fe(lII). the design has again been based on motifs present in biological systems. However, in this case the modular nature of solid phase peptide synthesis has been used to incorporate non-natural ligating amino acids into the sensor sequences. The catechol unit is attached to the central macrocycle of enterobactm by an ainide link; this linkage provides a route by which the unit may be incorporated into a peptide sequence in a combinatorial manner. A family of novel amino acids has been prepared such that the protected catechol unit was tethered to the amine of an N-a-Fmoc-protected amino acid by a linker between one and four methylene units in length. The resulting amino acids have been incorporated into peptides using standard Fmoc-based solid phase synthesis.3° The peptide shown in Figure 12 , is a typical example ofthe peptides prepared in this manner. Three catechol amino acids are introduced into a sequence that has been shown to form 
